The characterization of sulfate-reducing bacteria (SRBs) is presented using the dissimilatory sulfite reductase (dsrAB) gene from various samples capable of mineralizing petroleum components. These samples include several novel, sulfidogenic pure cultures which degrade alkanes, toluene, and tribromophenol. Additionally, we have sulfidogenic consortia which re-mineralize benzene, naphthalene, 2-methylnaphthalene, and phenanthrene as a sole carbon source. In this study, 22 new dsrAB genes were cloned and sequenced. The dsrAB genes from our pollutant-degrading cultures or consortia were distributed among known SRBs and previously described dsrAB environmental clones, suggesting that many biodegradative SRBs are phylogenetically distinct and geographically wide spread. Specifically, the same dsrAB gene was discovered in independently established consortia capable of benzene, phenanthrene, and methylnaphthalene degradation, indicating that this particular SRB may be a key player in anaerobic degradation of hydrocarbons in the environment. ß
Introduction
Sulfate-reducing bacteria (SRBs) are a diverse group of anaerobic microorganisms that use sulfate as a terminal electron acceptor. Furthermore, SRBs have been shown to be capable of degrading a wide variety of petroleum-based contaminants, such as alkanes [1] , benzene [2] , and polycyclic aromatic hydrocarbons [3] . However, the strictly anaerobic lifestyle and slow growth rate of SRBs make it very di¤cult to isolate and identify the microorganism(s) responsible for biodegradation of pollutants in the environment. A culture independent alternative approach based on 16S rRNA gene sequences has been used to characterize bacterial communities, including novel biodegraders [1^5] . Unfortunately, not all important biogeochemical processes are mediated by bacteria which form distinct phylogenetic groups, i.e. the 16S rRNA phylogenies do not always provide information on metabolic capabilities of the microorganisms [6^8] . Hence, a functional gene approach has been implemented to identify the bacteria responsible for biogeochemical processes (e.g. [9^12]).
In this study, we present the analysis of the functional gene for dissimilatory sul¢te reductase (dsrAB) to characterize novel SRBs involved in anaerobic degradation of hydrocarbons. The dsrAB gene encodes the K and L subunits of the protein which catalyzes the ¢nal step on sulfate respiration, the reduction of sul¢te to sul¢de. This approach has been used to discriminate among SRBs in cultured microorganisms [11] , on the back of deep-sea worms [12] , cold methane seeps [13] , oxic and anoxic regions of microbial mats [14] , and aerated activated sludge [9] . The data we present on SRBs responsible for hydrocarbon biodegradation suggest the potential for bioremediation is phylogenetically and geographically wide spread. This research is valuable since in the absence of a functional gene for anaerobic degradation of hydrocarbons, a database of anaerobic respiratory genes to assay for activity in situ may provide a means for management strategies and assessment of restoration potential in the environment.
Materials and methods

Strains and consortia used in this study
The strains and consortia used in this study are outlined in Table 1 . Most isolates and consortia were obtained from petroleum-contaminated sediments collected in the Arthur Kill, NY, USA, a hydrocarbon-impacted, intertidal waterway between Staten Island (New York) and New Jersey, USA. All were grown in minimal media under sul¢dogenic conditions as described previously. The pure cultures included AK-01 (an alkane degrader) [1] , strain STC (a toluene degrader) [25] , and Desulfovibrio TBP-1 (a tribromophenol degrader) [5] . Additionally, a stock culture of strain Hxd3, an alkane-degrading sulfate reducer, was obtained from the DSMZ (DSM 6200) [29] . The various aromatic degrading consortia were enriched from the Arthur Kill or the Guaymas Basin. These included a benzene-degrading consortia [2] , a naphthalene-degrading consortia [3] , a phenanthrene-degrading consortia [3] , and a methylnaphthalene-degrading consortia [30] .
Extraction, PCR ampli¢cation, and cloning of DNA
Total genomic DNA was extracted from novel, sul¢do-genic pure cultures and consortia capable of degrading various hydrocarbons (Table 1 ) using a modi¢ed phenolĉ hloroform protocol [15] . DNA was puri¢ed prior to ampli¢cation using CsCl gradients [16] . The dsrAB gene was ampli¢ed using the DSR1F and DSR4R priming set ( [11] ; Fig. 1 ; Table 2 ) based on the original alignment of Archaeal and Eubacterial dissimilatory reductase genes [23] . Ampli¢cation was performed in a DNA thermal cycler (model 2400, Perkin-Elmer, Foster City, CA, USA) as follows : initial denaturation at 94³C for 5 min, 30 cycles at 94³C for 30 s, 55³C for 30 s, and 72³C for 90 s, and a ¢nal extension step at 72³C for 7 min. Amplicons were cloned using the CloneAMP System (Gibco BRL, Life Technologies, Gaithersburg, MD, USA) according to the manufacturer's instructions.
Screening and sequencing of unique DSR fragments
Unique clones were screened by digesting recombinant plasmids with HaeIII and the resulting fragments were Table 1 Novel hydrocarbon degraders under sul¢dogenic conditions [1] . b [1, 29] . c [2] (13 members). d [25] . e [5] . f [3, 30] ( s 55 members). g [3, 31] ( s 55 members). h Same sequence (Ben08, MNap14, and Phe11). separated on 2% Metaphor agarose gels (FMC BioProducts, Rockland, ME, USA). Plasmids bearing unique dsrAB fragments were re-puri¢ed by using the FlexiPrep kit (Pharmacia, Piscataway, NJ, USA) and sequenced on an ABI 310 automated sequencer (Perkin-Elmer/ABI, Foster City, CA, USA). Partial sequences were obtained from both the 5P-and 3P-ends of each target with the sequencing primers listed in Table 2 . GenBank accession numbers for the dsrAB genes described in this study are AF327301Â F327323.
Sequence analysis and development of internal sequencing primers
Sequences were analyzed by using Auto Assembler (Perkin-Elmer/ABI), Sequence Navigator (Perkin-Elmer/ABI), BLASTN [17] , and FASTA [18] software. Phylogenetic tree re-construction utilized the Genetic Data Environment [19] using the neighbor-joining distance (Jukes^Can-tor correction) [20] and maximum likelihood [21] methods. Oligonucleotides for internal sequencing were designed based on conserved regions identi¢ed using a Microsoft Excel coloring macro [22] .
Results
Cloning and sequencing of dsrAB amplicons
The dsrAB gene fragment was ampli¢ed from novel SRBs capable of aliphatic, monocyclic, and polycyclic hydrocarbons (Table 1 ). An amplicon of V1.9 kb was obtained using the primer set DSR1F/DSR4R ( [11] ; Fig. 1 ). PCR products from the pure cultures (AK-01, Hxd3, STC, and TBP-1) were sequenced directly and clonal libraries were made for the benzene (Ben), methylnaphthalene (MNap), naphthalene (Nap), and phenanthrene (Phe) consortia to identify the various SRBs in the consortia. Over 800 clones were prepared for screening the consortia and 35 unique clones were identi¢ed by restriction polymorphism for sequence analysis. Twenty-two sequences appeared to be unique.
The dsrAB sequences from our degradative strains and consortia were aligned with sequences from known sulfate reducers for design of internal sequencing primers (Fig. 2) . Twenty-one sequences were aligned at the 5P-end of the dsrAB gene; 10 from some of our novel strains/consortia and 11 currently available in GenBank (Fig. 2a) . At the 3P-end, seven novel DSR sequences were aligned with ¢ve from GenBank (Fig. 2b) . 20% of the 555 bp from the 5P-end and nearly 30% of the 600 bp at the 3P-end of the dsrAB genes were identical in all sequences. In both alignments, we identi¢ed conserved regions V400 bp away from the DSR1F and DSR4R priming sites for use as internal primers : PJdsr853F/R at the 5P-end and PJdsr2060F/R at the 3P-end ( Figs. 1 and 2 ; Table 2 ). The internal primers were successfully used for doublestranded sequencing (V500 bp) of dsrAB genes from our strains and enrichments.
Diversity of hydrocarbon-degrading SRBs based on dsrAB gene
Phylogenetic analysis (Fig. 3 ) of 22 clones from the hydrocarbon-degrading SRBs (Table 2) focused on the 5P-end of the gene and included an Archaeal lineage (Archaeoglobus) and three Eubacterial phyla: N-Proteobacteria (e.g. Desulfovibrio), Nitrospira group (i.e. Thermodesulfovibrio) and Firmicutes (Gram-positive bacteria : e.g. Desulfotomaculum). The dsrAB genes from the novel hydrocarbon-degrading pure cultures and consortia were found to be widely distributed among the previously studied dsrAB genes from reference microorganisms [11, 23, 24] and natural sites [14] . In order to include many dsrAB genes from GenBank in the analysis, a phylogenetic tree was re-constructed with 283-bp fragments from 11 known SRBs (four complete sequences) [11, 23, 24] , seven solar lake mat clones (SLMC) [14] and 22 sequences from our hydrocarbon enrichments [13 ,5,25] . Fig. 3 . Phylogenetic relationships between sulfate-reducing prokaryotes based on DSR sequences. The tree was re-constructed using maximum likelihood methods on 283 aligned bases. The novel dsrAB clones were found to be organized in ¢ve separate clusters (Fig. 3) . The strain STC, a toluene degrader [25] , constituted a deep branch along with ¢ve Phe clones, three Nap clones, and two SLMC lineages within the Gram-positive group. Similarity among this group ranged from 39.8% to 97.1%. The Desulfobacter cluster contained six clones from three di¡erent aromatic enrichments (Ben, MNap, and Phe). This group was found to have similarity values of 72.4^99.9%. Interestingly, a particular sequence was found in three of the four consortia (Ben08, MNap14, and Phe11). The Desulfovibrio lineage was observed to contain the novel dehalorespiring strain (TBP-1) and the Phe21 clone. An alkane degrader (AK-01) and Nap51 de¢ned a discrete small clade which we are currently calling the Desulfosarcina group since AK-01 is distantly related to Desulfosarcina [1] . Finally, the Desulfonema/Desulfococcus group was found to contain three Phe clones, the alkane degrader (Hxd3), a Nap clone, and four SLMC genes, with similarity ranging from 60.9 to 78.1%.
Discussion
Our molecular characterization of SRB-degrading hydrocarbon strains and consortia has revealed the presence of novel dsrAB gene sequences related to the N-Proteobacteria and to the Gram-positive Eubacterial lineages. The overall ordering of taxa was similar between 16S rRNA and dsrAB trees as has been shown previously [11] . For example, based on 16S rRNA studies, Desulfovibrio sp. strain TBP-1 (which reductively dehalogenates and mineralizes 2,4,6-tribromophenol) clustered with members of the genus Desulfovibrio by both 16S rRNA and dsrAB analyses [5] . Likewise, AK-01 and Hxd3 have been found to be related to the genera Desulfosarcina, Desulfonema, and Desulfococcus based on 16S rRNA sequence [1] and to cluster with these groups in the dsrAB phylogenetic reconstruction. Exceptions to this trend, however, were apparent in the benzene consortium and with the pure strain STC. Previously, 16S rRNA analysis of the benzene consortium identi¢ed three SRBs related to Desulfococcus and a sequence from the Desulfobacter group [2] . In the dsrAB analysis, all four target genes from the benzene consortium are closely related to the Desulfobacter group and no sequences were observed from the Desulfococcus group. Furthermore, strain STC which mineralizes toluene under sul¢dogenic conditions [25] has been found to be very similar to PRTOL1 (99.6%) [26] and closely related to the N-Proteobacterium Desulforhabdus amnigenus [25] based on 16S rRNA analysis. In our dsrAB analysis, this toluene degrader, a Gram-negative bacterium, is placed as a deep branch of the Gram-positive bacteria.
The di¡erent placement of sequences in the phylogenetic tree re-construction could result from lateral gene transfer or may be an artifact of the relatively short lengths ( 6 375 bp) of many of the dsrAB genes currently in GenBank. At present, only four complete sequences of the dsrAB gene reside in the database: Archaeoglobus fulgidus [27] , Archaeoglobus profundus [24] , Desulfotomaculum thermocisternum [24] and Desulfovibrio vulgaris [23] . We tested whether the length of dsrAB genes used for the analysis had a signi¢cant e¡ect on tree topology by re-constructing phylogenetic trees for alignments of 360-, 500-, and 700-bp sequences. It was found that the general topology of all dsrAB trees of di¡ering length alignments was consistent with previous work [11, 14] (data not shown). Hence, lateral gene transfer of either dsrAB or 16S rRNA among certain SRBs may have occurred.
Our dsrAB analysis also suggests that the capacity to degrade petroleum products may be wide spread in the environment. Many of the SRBs for this study were isolated from the Arthur Kill in the New York/New Jersey harbor [1, 3, 5, 25] or from the Guaymas Basin, in the Gulf of California [2] . Our set of novel dsrAB genes clearly re£ects a diverse population of SRBs in these environmental sites, capable of mineralizing aliphatic and aromatic compounds derived from petroleum pollution. This study also demonstrated that many of the SRBs in our consortia are closely related to SLMC clones obtained from a pristine environment [14] . Although we cannot distinguish whether our dsrAB genes are from the active aromatic ring cleaving degraders within our consortia, we have shown the hydrocarbon re-mineralization is linked to sulfate reduction [28] . Clearly the SRBs within our consortia are important for coupling petroleum pollutant biodegradation to sul¢dogenesis. Additionally, the Ben, MNap and Phe clonal libraries contain nearly identical dsrAB genes from Atlantic and Paci¢c samples, which may represent an important group in the anaerobic degradation of hydrocarbons. This evidence suggests a diverse community of SRBs exist in both contaminated and pristine environments with the potential to degrade petroleum pollutants.
In conclusion, our study provides new sequences and primers useful to study the structure, activity and dynamics of SRBs on anaerobic degradation processes and natural scenarios. Ultimately, we hope to develop a molecular method for a prompt sensing of SRBs activity and composition in natural environments. Although a functional gene for anaerobic hydrocarbon degradation would be a direct measure of activity, it is not yet available. Thus, gleaning information on sulfate reduction and anaerobic respiratory processes may be an alternate approach to assay for biodegradative potential in situ and lead to better sediment management strategies and restoration.
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